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The mammalian superior colliculus is structurally and functionally divided into two entities: superficial visual and deep
multimodal motor. To discover the role, if any, of developmental processes in establishing separate tectal compartments,
we have used highly unbalanced mouse chimaeras to mark cell dispersion pathways and trace cell lineages. Two forms of
cell dispersion were detected: radial and tangential. Neither radial nor tangential forms of cell dispersion were found to exist
on their own in any group of labeled cells. Radial cell dispersion was the predominant form of cell movement from the
germinal zones and primarily associated with the differentiation of glutamatergic neurons. In contrast, tangential cell
dispersion involved a minority of tectal cells, concentrated chiefly in the superficial layers and often associated with the
upper aspects of radial columns. More scattered cells expressed g-aminobutyric acid (GABA) compared to columnar cells.
Taken together, these results indicate separate developmental constraints for the development of glutamatergic and
GABAergic neurons in the superior colliculus. © 2001 Elsevier Science
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The mammalian superior colliculus (SC) is multilayered,
each layer containing specific neuronal types and possess-
ing distinct input/output relationships. It is a subcortical
integrator of sensorimotor, particularly visuomotor, behav-
iors. It is involved in attention and arousal, postural orient-
ing, the tracking and pursuit of sensory stimuli, and defen-
sive or avoidance reactions (Chalupa, 1984; Dean et al.,
1989; Westby et al., 1990; Sefton and Dreher, 1995).
There is scarce information on mammalian SC develop-
ment, especially in regard to lineage relationships and
migration patterns. 3[H]-thymidine labeling studies in
mammals have provided broad information corelating cell
birthdates with laminar destinations (Mustari et al., 1979;
Altman and Bayer, 1981; Cooper and Rakic, 1981; Cross-
land and Uchwat, 1982; Edwards et al., 1986a), but specific
information linking cell migration pathways with their
fates has been unavailable. Given that the SC is composed
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All rights reserved.of two functionally distinct units (superficial and deep), it is
of interest to discover whether the two subdivisions share
common or distinct inputs of migratory neuroblasts. Some
information is available from chick tectum studies, where
following retroviral infection, it was found that (1) single
precursors give rise to neurons as well as glia, and (2) the
pattern of cell dispersion is predominantly radial, although
small numbers of cells migrate tangentially (Gray et al.,
1990; Galileo et al., 1990; Gray and Sanes, 1991). These
tangentially migrating cells occur in two stages: a deep
early phase involving multipolar neurons and a superficial
late phase involving glia and horizontal neurons (Gray and
Sanes, 1991; Martinez et al., 1992)
From a developmental viewpoint, the mammalian SC
holds a number of parallels with the cerebral cortex, an
important regulator of collicular function. For example,
neurogenesis in the SC is coarsely ordered into temporal
programs of cellular lamination with a largely radial pattern
of neuronal delivery from the germinal zones to the segre-
gated layers (Edwards et al., 1986a). As in the cortex,
glutamatergic and GABAergic neurons are present in all
tectal laminae, with an abundance of GABAergic neurons
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118 Tan et al.in the superficial layers (Mize, 1992; Ortega et al., 1995:
Jeon et al., 1997; Binns, 1999; Harvey et al., 2001). An
important question, therefore, is how neuronal diversity is
achieved during execution of the histogenetic program in
the mammalian SC? Is the pattern of cellular migration
related to cell phenotype, a developmental mechanism
shown to be important for generating neuronal diversity
during development in other areas of the mammalian
central nervous system (CNS) including the cortex, cerebel-
lum, and retina (Hatten, 1999; Parnavelas, 2000)? To ad-
dress this issue, we have used stem cell chimaeras in which
a small number of progenitor cells in the nervous system
were genetically labeled, an approach that has been demon-
strated to be useful for answering similar questions in other
CNS regions (Tan et al., 1998; Reese et al., 1999). Our
results indicate predominantly radial patterns of cell disper-
sion with columns spanning upper and lower collicular
divisions. In addition, we found evidence for tangential
dispersion by a minority of cells segregated in the superfi-
cial layers. Phenotypic analysis uncovered a correlation
between dispersion pathway and cellular phenotype;
whereas radially dispersing cells were predominantly gluta-
matergic, tangentially dispersed cells were biased toward
the GABAergic phenotype. These results indicate that the
development of glutamatergic and GABAergic neurons in
the SC is constrained by different patterns of cell disper-
sion.
MATERIALS AND METHODS
Chimaeras
Progenitor cells in the developing midbrain were marked by
introducing genetically marked embryonic stem (ES) cells into
normal, unlabeled blastocyst hosts. The ES cells had previously
been generated from the H253 transgenic mouse line that harbours
a lacZ reporter on the X chromosome (Tan et al., 1993). The ES cell
line is homozygous for the transgene with the XlacZ/XlacZ genotype
(Sturm et al., 1997). To increase the probability of obtaining highly
unbalanced chimaeras, wild-type blastocysts from the same genetic
background (C57BL/6 x DBA/2) were injected with one ES cell per
blastocyst on the expectation that genetically marked descendants
of the single ES cell would occasionally enter the SC lineage
following incorporation into the midbrain. Following implantation
into pseudopregnant foster females, chimaeras were reared for 4–8
weeks before fixation and processing for X-gal histochemistry and
immunocytochemistry. To study patterns of cell dispersion in the
developing SC (the bulk of SC neurons are generated by embryonic
day (E) 14.5; DeLong and Sidman, 1962; Edwards et al., 1986a), a
number of embryos were sacrificed at E15.5 (n 5 9), E16.5 (n 5 11),
E17.5 (n 5 9), and postnatal (PN) day 1 (n 5 12).
To identify patterns of cell generation in the SC, mice were
treated in utero (at gestational ages E13.5 and E15.5) with
5-bromodeoxyuridine (BrdU) at a dose of 50 mg/kg body weight
(i.p., dissolved in sterile saline containing 0.007 N NaOH). Neurons
retaining the BrdU label are presumed to have been born during the
labeling period when they undergo the last S phase of their mitotic
cycle.
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Following a lethal injection of Avertin, adult chimaeras were
perfused for 10–15 min by intracardial perfusion (with 4% parafor-
maldehyde with or without 0.5% glutaraldehyde in 0.1 M Soren-
sen’s phosphate buffer [pH 7.4] with 2 mM MgCl2 and 5 mM EGTA)
and the brains removed for postfixation for 1 h. Following cryopro-
tection with 30% sucrose, brains were embedded in OCT (Tissue-
Tek, Torrance, CA, USA) for cryosectioning. Serial sections (100
mm) of the adult SC in coronal, parasagittal and horizontal orien-
tations were obtained for X-gal histochemistry to visualize
b-galactosidase (b-gal). Parasagittal sections were obtained in or-
thogonal plane to the interhemispheric midline. Sections were
incubated at 37°C in a solution of 0.1% 4-chloro-5-bromo-3-
indolyl-b-D-galactopyranoside (Xgal) containing 2 mM MgCl2, 5
mM EGTA, 0.01% (w/v) sodium deoxycholate, 0.02% (w/v) Non-
idet p 2 40, 5 mM K3Fe(CN)6, and 5 mM K4Fe(CN)6.6H2O in 0.1
M Sorensen’s phosphate buffer. The X-gal was prepared as a 4%
stock solution in dimethylformamide and was added to the mix-
ture just before use. For embryonic and neonatal material, parasag-
ittal cryostat sections (60 mm) were used for X-gal histochemistry.
To facilitate identification of tectal laminae, a number of sections
were stained for acetylcholinesterase (AChE) following X-gal his-
tochemistry (Karnovsky and Roots, 1964). For double immunoflu-
orescence studies, 20-mm thick sections were mounted on gelati-
nized slides.
Immunocytochemistry
To obtain double labeling of b-gal with either BrdU or NeuN,
sections were processed for immunocytochemistry using standard
avidin-biotin procedures. To expose the BrdU, tissues were prein-
cubated with 2N HCl at 37oC for 30 min before addition of the
primary antibody. Primary antibodies included a purified rabbit
polyclonal antibody to b-gal [5 Prime33 Prime (Boulder, CO, USA)
1:100 dilution in 0.1M PBSwith 0.3% Triton X-100]; a mouse
monoclonal antibody to BrdU (Becton Dickinson, San Jose, CA,
USA; 1:30); and mouse monoclonal antibody to NeuN (Chemicon,
Temecula, CA, USA; 1:200). Secondary antibodies were biotinyl-
ated anti-rabbit (Vector Laboratories, Burlingame, CA, USA; 1:200)
and donkey anti-mouse Cy3 (Jackson, West Grove, PA, USA;
1:1000). Immunofluorescent detection of b-gal was achieved with
fluorescein-Avidin D (Vector Laboratories, Burlingame, CA, USA;
1:200). Incubation with primary antibody overnight was followed
by 1 h in secondary antibodies before coverslipping in Gel-mount
(Biomeda; Foster City, CA, USA).
For detection of glutamate and GABA in genetically labeled
cells, sections treated with X-gal were reblocked in EPON and
semithin (0.25 mm) sections cut using an ultramicrotome. Antibod-
ies against targeted glutaraldehyde-conjugated haptens (L-
glutamate, GABA; provided by Dr. R. E. Marc, University of Utah)
were employed on serial sections using the postembedding immu-
nocytochemistry technique (Kalloniatis and Fletcher, 1993). This
technique allows sequential thin sections from a single labeled cell
to be tested against multiple antibodies. Primary IgG signals were
detected with goat-anti-rabbit IgGs coated with 1 nm gold particles
and visualized with silver intensification.
ll rights reserved.
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To study the influence of retinal inputs during SC development,
unilateral enucleation was performed on E12.5 chimaeras using a
transplacental technique. Following general anaesthesia of the
dam, decidual swellings were immobilized and under fiber-optic
illumination the location of embryonic eyes was identified by their
pigment layer. A 30-gauge needle was then introduced and the eye
primordium enucleated by mechanical lesion. Following suturing
and recovery, the dams were returned to their cages and the
enucleated chimaeras reared until 4 weeks of age before fixation
and analysis. The success of the enucleation procedure was con-
firmed by the presence of a poorly developed optic nerve.
RESULTS
Previous studies using stem cell chimaeras have shown
that descendants of a single injected ES cell are capable of
participating normally in central nervous system develop-
ment and imparting cell lineage information (Tan et al.,
1998; Hawkes et al., 1999; Reese et al., 1999). The intro-
duction of a single labeled ES cell into an unmarked embryo
(containing about 60 cells) sets up the initial conditions for
producing unbalanced chimerism in the nervous system.
Although the degree of chimerism in the SC was found to
be variable, the vast majority of the 24 adult chimaeras
displayed lacZ expression in less than half of the total
cellular component in the SC. As in the cortex and retina
(Tan et al., 1998; Reese et al., 1999), the more unbalanced
the chimaera, the greater was the potential for resolving cell
dispersion pathways.
Neurons in the mouse SC, like other parts of the CNS, are
generated in a pseudostratified ventricular zone (VZ) over
about a 4-day period (E11.5–15.5) (Edwards et al., 1986a).
During this neurogenetic period, the midbrain wall is
divided into a thick VZ and subventricular (SVZ) zones,
with a thinner intermediate zone (IZ) directly beneath the
pial surface. The transformation of this rudimentary struc-
ture into the layered structure typical of the adult is not
obvious until PN 6 (Edwards et al., 1986a,b) by which time
the progressive accumulation of newly born neurons is
interwoven by the appearance of regularly spaced fibre
bundles. Further refinements in cellular and fibre arrange-
ment result in the emergence of the adult pattern with
three fibre-rich layers alternating with cellular layers.
Radial and Tangential Patterns of Dispersion in
Embryonic SC
By E15.5, the stage at which the earliest embryos were
studied, the majority of migrating cells in the mouse SC are
postmitotic (DeLong and Sidman, 1962; Edwards et al.,
1986a). The SC primordium displayed a pseudostratified
appearance, with a thin overlying marginal zone. The
arrangement of dispersing cells labeled with b-gal was
strikingly radial at this age. Dispersing cells formed con-
© 2001 Elsevier Science. Atinuous columns, stretching from the VZ to the pial surface
(Fig. 1A, stars). Within a column, the bulk of dispersing
cells appeared to be clustered at the VZ end of the column
and in the position of the future periaqueductal grey (PAG).
In the upper half, comprising mostly IZ cells, labeled cells
were loosely packed. At the most superficial aspect, a
number of loosely scattered cells may be seen in between
columns, indicative of tangential dispersion (Fig. 1A, white
arrows). At E16.5, labeled cells forming a column remained
clustered in the VZ with an overlying band of radially
dispersed cells (Fig. 1B, boxed area). However, a second form
of tangential dispersion was found involving cells closer to
the deeper aspects of the column (Fig. 1D, black arrows). In
terms of their appearance and b-gal staining intensity, these
tangentially dispersing cells were comparable to the radi-
ally dispersing population. Labeled cells at the germinal
zones were invariably tightly clustered. There was no
evidence for the straying of solitary labeled cells into
adjacent unlabeled epithelium, suggesting lack of signifi-
cant intermingling between neural precursor cells. A simi-
lar picture was also encountered at E17.5; radial dispersion
was the predominant pattern (Fig. 1C, star), while tangen-
tial cell dispersion was seen from the base of radial columns
(Fig. 1C, black arrows). From a total of ten columns exam-
ined at this stage (from 3 embryos), eight columns were
found to be associated with similarly patterned tangential
dispersion. In these parasagittal preparations, deep tangen-
tial dispersion was found on either side of the column
although in the example shown, the cells appear to form a
rostro-caudal queue, with successively further cells from
the column base found at more superficial levels of the SC
primordium. This mode of tangential dispersion appeared
to be long range. In the example from E17.5 (Fig. 1C), the
leading group of cells was in front of the column by as much
as 700 mm. In addition to tangential dispersion from deeper
layers, there was also superficial tangential dispersion in-
volving lightly stained cells that were situated above the
top of the column (Fig. 1C, white arrows).
Dispersion Patterns in the Postnatal SC
At PN1, a SC with multiple strata had emerged although
the laminar distinctions at this stage were by no means
comparable to the adult pattern. With increasing thickness
of the tectal wall after birth, the radial pattern of cell
dispersion was expressed as an alternating pattern of col-
umns from the ventricular surface right up to the superfi-
cial layers (Fig. 1E). The widths of individual columns were
variable, the narrowest columns measured roughly 80 mm
in the rostrocaudal dimension (Fig. 1E). In between the tops
of radial columns, a horizontal bridge composed of tangen-
tially dispersing cells may be seen (Fig. 1E, arrow). Many of
these cells were located close to the border between the
developing superficial and intermediate layers. At higher
magnification, tangential dispersal of cells in superficial
ll rights reserved.
120 Tan et al.FIG. 1. Cell dispersion patterns in the embryonic and neonatal (PN1) SC revealed by descendants of ES-cell precursors. In all panels, rostral
is to the right. A, The wall of the E15.5 SC shows selective marking of progenitor cells in the VZ where they formed columns (stars)
extending from VZ to pial surface. Evidence for superficial tangential dispersion may be seen near the pial surface where scattered cells
(white arrows) are positioned in between columns. B, The positions of two columns (stars) are seen in the E16.5 SC wall. The majority of
labeled cells appear to be dispersed radially but deep tangential dispersion may also be seen from the base of the column (boxed area). At
© 2001 Elsevier Science. All rights reserved.
121Cell Dispersion Patterns in Superior ColliculusFIG. 2. Cell dispersion patterns in adult SC. In sagittal sections, rostral is to the right except for (2C, 2E). A, The adult SC is characterized
by a number of repeating radial columns. In the depicted example, tangential dispersion (arrow) is found in the superficial aspects between
columns. B, A single column (star) is seen in a weak chimaera while a number of scattered cells representing tangential dispersion could
be found in the SGS (arrow). C, Following fiber staining with acetylcholinesterase, tangential dispersion (arrow) appears to localise within
the SGS while columnar cells (star) traverse across intermediate and deep layers. D, Coronal section showing marked reduction of the SC
on one side (arrow) following contralateral eye enucleation at E12.5. E, Staining with acetylcholinesterase confirms reduction in thickness
of the superficial SC following monocular enucleation. Note that radial (stars) and tangential (arrow) cell dispersion patterns remain intact.
SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermediale; SAI, stratum album intermediale; SGP,
stratum griseum profundum. Scale bar: A, 800 mm; B, 370 mm; C, 220 mm; D, 380 mm; E, 270 mm.higher magnification (D), individual cells (arrows) of the deep tangential pathway appear to break away from the base of the column. C,
Deep tangential cell dispersion is associated with the base of a column (star), forming a rostrocaudal queue of cells (black arrows).
Superficial tangential cell dispersion occurs more superficially, above the top of the column (white arrows) and beneath the pial surface.
E, At PN1 the SC is occupied by a number of alternating columns of varying widths. In between columns, tangentially dispersed cells could
be found joining the top ends (arrow) of columns. Many of these cells are found at the border between the developing superficial and
intermediate layers. F, At higher magnification, cells undergoing tangential dispersion appear to localize primarily in the superficial layers
(arrows). G, Whole-mount staining of SC at PN1 (dorsal view, rostral to the top) showing columns that are stained with greater intensity
surrounded by lightly stained superficial cells. Columns invariably extend from the midline as transverse bands. Dotted line depicts plane
of section portrayed in (H) cutting across the stained IC and also a single column in the SC. H, Parasagittal section of whole mount in (G)
indicated by dotted line. A single radial column is seen together with some neighbouring superficial scattered cells (arrows). Scale bar: A,
135 mm; B, 300 mm; C, 270 mm; D, 100 mm; E, 680 mm; F, 270 mm; G, 1400 mm; H, 520 mm.
© 2001 Elsevier Science. All rights reserved.
122 Tan et al.layers could be seen and in this sagittal orientation, they
were oriented in the rostrocaudal direction (Fig. 1F, arrows).
Superior colliculi at PN1 were also examined as whole-
FIG. 3. Cell dispersion patterns in the coronal plane of adult SC.
the lack of spillover of labeled cells to the contralateral SC or to th
found in the PAG and the ventricular lining of the aqueduct (Aq
arrows). B, Section from a weak chimaera showing a single colum
restricted to the SGS and SO, while the column shows minimal lab
medial part of the SC with some associated tangential dispersion.
example of tangential dispersion in the upper layers found 300 m
scattered cells adjacent to columns show no correlation. Cell coun
separate samples, each consisting of a clearly defined column and
found in a column were counted, as were scattered cells found lyin
Pro Plus software, Scitech). Scale bars: 250 mm.mounts (dorsal view) to examine the overall topography of
© 2001 Elsevier Science. Acell dispersion patterns (Fig. 1G). By focusing the image at
different planes, superficial cells were identifiable by their
scattered distribution in the upper layers and lack of pen-
adial dispersion is limited to the SC, even in large columns. Note
trolateral nontectal tissue (open arrows). Co-extensive labeling is
absent from these structures in the opposite hemisphere (small
the lateral third of the SC. Tangential dispersion (small arrows) is
in the PAG (large arrow). C, An example of a column sited in the
re is clearly no dispersion into the contralateral SC. D, A further
udal to a column in a weak chimaera. E, Relative proportions of
ere obtained from captured images (10X magnification) from four
ent scattered area present in a 100 mm parasagittal section. Cells
tral to the column, using the cluster measurement setting (ImageA, R
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g rosetration to deeper layers where discrete columns were
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123Cell Dispersion Patterns in Superior ColliculusFIG. 4. Cell dispersion patterns in the horizontal plane of adult SC. A, Whole-mounted SC from neonatal chimera viewed from ventral
aspect following X-gal histochemistry. The base of the column, lying beneath the surface, may be seen as a narrow dark band (arrow). B,
Viewed from the dorsal aspect, the specimen in (A) shows broad rostro-caudal extension of labeled boundaries (small arrows) but not
extending across the midline. The position of the base of column is indicated by the large arrow. C-I, Successive views of serial 100 mm
horizontal sections taken from dorsal (C) to ventral (I) SC. Rostral is to the top of each picture, the open arrow points to the position of the
midline. Closest to the pial surface, a patch of dense labeling at the caudal pole is seen (C, big arrow). More rostrally, scattered cells
associated with another column are seen in the SGS (C, small arrows). Deeper down, the caudal patch of cells has increased in intensity
(asterisk in D, see also E, F). A second column is visible in the midregion (G, arrow) which appears to resolve into two smaller columns in
the intermediate SC layers (H and I, arrows). There is a skirting layer of scattered cells in the SGS perimeter. I, Rotation of these sections
to reveal sagittal views, confirming the tangential dispersion of superficial cells. For each horizontal section (C-I), the rostro-caudal location
of cells was plotted in four parasagittal planes 200 mm apart (1–4). The reconstructed sagittal planes (1 most medial, 4 most lateral) are
shown in the bottom right. In these reconstructions rostral is to the left and dorsal to the top. The hatched areas show the caudal SC region
containing densely labeled cells (asterisk in D). Note in sagittal planes 3 and 4 the radial column of labeled cells in the intermediate layers
(arrow in 3) correspond to the column arrowed in horizontal sections G-I. Labeled cells in the superficial layers are dispersed medial and
caudal to the column. Scale bars: A, B, 500 mm; C-I, 500 mm.
© 2001 Elsevier Science. All rights reserved.
124 Tan et al.found. Parasagittal views of these whole-mounts confirm
the superficial location of tangentially dispersed cells (Fig.
1H, arrows), and their proximity to radial columns. Such
direct correlation of sectioned material obtained from pho-
tographed whole mounts provides unequivocal evidence
that tangential dispersion of cells is associated with the
upper strata of columns.
Cell Dispersion Patterns in Adult SC
Parasagittal Plane
In the adult, columns in the sagittal plane resembled the
pattern observed at P1. The use of the term “column” here
is generic in conformity with “columns” identified in
retroviral lineage studies. In actuality, these columns are
medio-lateral stripes as indicated by whole-mounted mate-
rial (Fig. 1G, 4A), and horizontal sections (Fig. 4). In strong
chimaeras, columns were found distributed throughout the
entire rostrocaudal domain, even extending caudally to the
inferior colliculus (IC; Fig. 2B). The tilt of these columns
varied slightly across the caudal to rostral dimension, the
columns being angled slightly forward in rostral SC (Fig.
2A). To provide an indication of their relative dimensions,
we estimated their antero-posterior widths. Columns
ranged from 60 to 300 mm, the majority being about 90–130
mm but wider columns (250–300 mm) may have been
formed by the coalescence of two adjacent smaller columns.
Tangentially dispersed cells appeared to be evenly distrib-
uted within the superficial layers, joining the tops of
columns as a bridge of cells in the SGS (stratum griseum
superficiale) and SO (stratum opticum) layers (Figs. 2A, 2C,
arrow). The clearest evidence for radial dispersion was
found in the weaker chimaeras where occasionally only a
single radial column was detected in the entire SC, presum-
ably representing a single clonal unit (Fig. 2B, star). A
minority of dispersing cells was found in the tangential
orientation, in this case localized mostly in the SGS (Fig.
2B, arrow). In this specimen, the IC was similarly domi-
nated by a strong radial band of cells.
To facilitate layer identification, some sections were
stained for AChE (Fig. 2C). Analysis of these sections
confirmed that while radial organization of columns was
clearly defined in the deep and intermediate layers (Fig. 2C,
star), scattered cells from tangential dispersion were pre-
dominantly localized to the SGS and to a lesser extent SO
(Fig. 2C, arrow).
In rodents, the superficial layers are dominated by axonal
inputs from the contralateral retina. To determine a pos-
sible influence of retinal axons on SC cell dispersion path-
ways, removal of one eye was performed in utero in E12.5
chimaeras. When the midbrains of enucleated animals were
examined 4 weeks after surgery, it was found that there was
a reduction in the size of the contralateral SC with con-
comitant thinning of the dorsoventral height especially in
the upper layers (Fig. 2D, arrow). This reduction in the
thickness of the SGS and SO was quantified in AChE-
© 2001 Elsevier Science. Astained material (Fig. 2E). In the example shown (Fig. 2E),
the SGS was reduced in size by 46% and there was also a
significant thinning of SO. This is compatible with previ-
ous studies describing SC shrinkage and neuronal loss in
the rodent SC after neonatal enucleations (DeLong and
Sidman, 1962; Lund et al., 1973). Despite these changes, the
overall pattern of radial and tangential dispersion appeared
to be unaffected (Fig. 2E). The change from radial order to a
mantle of tangential dispersion was more dorsally situated,
but this change still occurred in the vicinity of the SO/SGI
border.
Coronal Plane
In the coronal orientation, the overall pattern of cell
dispersion was similar to the parasagittal data, any differ-
ences accentuated by the degree of chimerism. In strong
chimaeras, it was common for labeled cells to occupy the
entire width of one SC (1.25–1.5 mm) (Fig. 3A). Labeling in
the SC was clearly demarcated from the unlabeled tegmen-
tal tissue situated ventrolaterally (Fig. 3A, open arrows). In
addition, a sharp border between labeled and unlabeled SC
was found at the tectal midline, although there appeared to
be crossing-over of a small number of labeled cells into the
opposite SC and into the associated ventricular layer of the
cerebral aqueduct (Fig. 3A, small arrows). Interestingly,
labeling in the radial plane was coextensive with the PAG
(Fig. 3B, large arrow). Radial columns were found in either
lateral (Fig. 3B) or medial (Fig. 3C) domains of the SC.
Tangential dispersion in the coronal orientation was
clearly evident in the upper tectal layers (Fig. 3B, short
arrows) and was often associated with a radial column.
Occasionally, sections containing only tangentially dis-
persed cells were seen (Fig. 3D) but invariably these were
found to be associated with a radial column in adjacent
sections (results not shown). Surprisingly, there appeared to
be no overt numerical correlation between the numbers of
cells lying in radial columns compared to adjacent scattered
cells. Analysis of four tissue samples, in which a single
column and adjacent scattered region was assessed from
each chimeric SC, revealed a high degree of variability (Fig.
3E). Scattered cells found adjacent to columns constituted a
minority although the proportion of scattered cells was
correspondingly increased next to larger columns. Statisti-
cal analysis using linear regression revealed no significant
correlation (P . 0.05) between numbers of scattered and
columnar cells from individual samples.
Horizontal Plane
The foregoing analysis of coronal and parasagittal sec-
tioned material indicates that radial columns in the SC are
rectangular in shape, being narrow in the rostrocaudal
dimension but more broadly spread mediolaterally. The
data also suggest that the discrete nature of these radial
units is primarily a feature of the nonvisual intermediate
and deep tectal laminae. Confirmation of this organization
ll rights reserved.
125Cell Dispersion Patterns in Superior ColliculusFIG. 5. Identity of dispersing cells. A, Double-labeling studies reveal widespread immunoreactivity for the neuronal marker NeuN (red) while
bgal-positive cells (green) are seen in a columnar formation. Double-labeled cells in yellow (arrows) are frequently found within columns although
certain cells in the column appear to be NeuN-negative (boxed area). Among cells undergoing tangential dispersion, both NeuN-positive and
NeuN-negative cells are seen (arrowheads). B, Higher magnification of boxed area in (A) showing double-labeled cells (arrows) present in a column
and also among tangentially dispersed cells (arrowheads). C, Example of bgal-positive cells (blue coloration, arrows) from a column showing
immunoreactivity for glutamate. Surrounding host cells (arrowheads) do not possess bgal but are immunoreactive for glutamate. D, bgal-positive
cells (arrows) in a column typically do not contain GABA (arrowheads). E, The majority of bgal-positive cells (arrows) in a column do not co-stain
for the glial marker, glutamine synthetase (white arrowheads) although occasional double-labeling (black arrowhead) may be found. F,
Double-labeled columnar neurons classified for either glutamate or GABA content show major bias towards glutamate. G, Double-labeled
neurons in scattered areas and undergoing tangential dispersion show a bias towards the GABA phenotype. Scale bar: A, 100 mm; B, 50 mm; C,
80 mm; D, 80 mm; E, 90 mm.
© 2001 Elsevier Science. All rights reserved.
126 Tan et al.was obtained in horizontal orientations of sectioned mate-
rial and also in tectal wholemounts. For example, a neona-
tal chimera with a single radial column may be seen from
its ventral aspect as a single discrete band of labeled cells
with its mediolateral width far exceeding its rostrocaudal
dimension (Fig. 4A, closed arrow). However, when the same
tissue was viewed from its dorsal aspect, the boundaries of
the labeled population appeared to be more extensive in all
directions, especially rostrocaudally, suggesting further ex-
tension of the labeled population outside the confines of the
column but not crossing to the opposite SC or neighbouring
IC (Fig. 4B).
The foregoing strongly suggests that the umbrella-like
extension of labeled cells represents tangential dispersion
in the superficial layers. Further evidence in support of this
was obtained from sectioned material. In a series of hori-
zontal sections, presented here serially from superficial to
deep aspects, the organization of two labeled patches is
successively presented in the Z-axis. Closest to the pial
surface, a patch of dense labeling at the caudal pole of the
SC may be seen (Fig. 4C, big arrow). More rostrally, a more
diffuse scattering of cells associated with another column
was found in this SGS layer (Fig. 4C, small arrows). Deeper
down, the caudal patch of cells was found to intensify while
the rostral population of cells remained scattered (Fig. 4D).
A series of deeper sections further unveiled the existence of
two separate columns; a large caudal column and a smaller
column located in the middle of the SC (Fig. 4E-H). Note
that this column (Fig. 4G, large arrow) appears to diverge
into two smaller columns, each only about 50–60 mm wide
in the rostrocaudal dimension (Fig. 4H, arrows), but still
relatively broad mediolaterally. At deeper levels of section-
ing, there appeared to be very few scattered cells except in
the perimeter where the obliquely sectioned SGS was
present. Deeper down, the stems of columns may be seen
(Fig. 4I, large arrow). To attempt a 3-dimensional recon-
struction showing the positions of labeled cells, the rostro-
caudal positions of cells found in horizontal sections C-I
were plotted to give four parasagittal planes, each 200 mm
apart (Fig. 4I). Following rotation of these planes (Fig. 4I,
planes 1–4), scattered cells can be seen superficially while
the discrete columns are located in deeper layers (Fig. 4I,
large arrow). The results of these three-dimensional recon-
structions, taken together with whole-mount views (Fig.
1G, H), provide unequivocal support for the proposal that
these scattered cells are truly tangentially dispersed and do
not belong to sections obtained from the edges of radial
columns.
Identities of Dispersing Cells
Double immunofluorescent experiments were performed
on chimeric sections using antibodies to bgal and NeuN. As
expected, the results indicate widespread immunoreactiv-
ity for NeuN (Fig. 5, red), a marker for neurons. bgal-
positive cells (green) were arranged in columnar orienta-
© 2001 Elsevier Science. Ation, confirming the results obtained using X-gal. Cells
double-labeled for both markers (yellow), suggesting bgal-
positive neurons, were found in both deep and superficial
aspects of the column with no bias for any particular level
of the column (Fig. 5A,B, arrows). In the superficial domain
(layers SGS and SO), tangentially dispersed cells could be
seen (Fig. 5A,B, arrowheads), some of which were also
immunoreactive for NeuN. Throughout the depth of the
column, numerous bgal-positive cells (Fig. 5A,B; green), not
immunoreactive for NeuN, were also found suggesting
non-neuronal (e.g., glia) phenotypes. To confirm the pres-
ence of glia within columns, the glial marker glutamine
synthetase was used on X-gal treated sections. The results
showed extensive distribution of glial cells in columns
marked by glutamine synthetase immunoreactivity (Fig.
5E, white arrowheads), although most bgal-positive cells in
columns did not stain with the glial marker. However,
occasional double-labeling for glutamine synthetase and
bgal was encountered (Fig. 5E, black arrowhead), suggesting
that glial lineages may also be represented in columns.
Previous studies have established that large proportions
of neurons in the superficial layers of the SC are either
glutamatergic or GABAergic (Binns, 1999). To investigate
whether or not the pattern of cell dispersion was linked
with a bias for a particular neuronal phenotype, bgal-
positive cells situated within columns and in scattered
regions (of the layers SGS and SO) were tested with anti-
bodies against glutamate and GABA. For columns, the
entire SGS and SO region was dissected out for postembed-
ding, while scattered cells were obtained from the SGS and
SO lying in between two clear columns. Sample pairs were
obtained from the same section from four different brains.
Using a postembedding immunocytochemical technique,
chimeric tissue (parasagittal sections, 100-mm thick) was
reblocked in EPON and cut at 0.25 mm thickness before
immunostaining using previously described protocols (Tan
et al., 1998). This was performed for columns (n 5 4) and
scattered areas representing tangential dispersion (n 5 4) in
the SGS and SO. The results showed that the vast majority
of cells in the SO and SGS of columns were immunoreac-
tive for glutamate (Fig. 5C, arrowheads) and this neuro-
transmitter was frequently found to colocalize with bgal
-positive cells (Fig. 5C, arrows). The proportion of cells
double-labeled for bgal and glutamate was significantly
increased in columns compared to scattered regions (Fig.
5F). In contrast, immunostaining for GABA indicated that
while GABA-positive neurons were abundant within col-
umns (Fig. 5D, arrowheads), they rarely coexisted with
columnar cells expressing bgal (Fig. 5D, arrows). Instead,
GABA-positive double-labeled with bgal was frequently
found among the tangentially dispersed population in the
SGS and SO (Fig. 5G). Statistical analysis (Kruskal-Wallis
one way analysis of variance on ranks) was used to compare
the glutamatergic to GABAergic ratio in columns versus
scattered cells. The results indicate significant (P , 0.03)
differences in the ratio of excitatory versus inhibitory
ll rights reserved.
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the SGS and SO layers. These results suggest phenotypic
bias with dispersion pathway, with columnar neurons more
likely to be glutamatergic, while scattered neurons were
more often than not GABAergic.
Relationship between Cell Lineage and Cell
Birthdates
Tritiated thymidine studies show that neurons destined
for all six major layers of the mouse SC are generated by
about E16.5 with extensive overlap in their birthdates
(Edwards et al., 1986a). Although neurons born at a given
time-point (e.g., E13.5) were found to populate multiple
layers, there is a formal possibility that there may have
been different precursors (that were simultaneously labeled
with thymidine at E13.5), each giving rise to neurons of a
specific layer, thus producing the aggregate labeling pattern
seen in the adult. To rule out this possibility, lineages
tracing of a small number of labeled precursors (such as
using highly unbalanced chimeras) are potentially informa-
tive. We introduced BrdU at two gestational ages; at E13.5
when neuronal generation is at the peak, and also at E15.5
when the last neurons are being born. By examining the
distribution of bgal-positive cells labeled with BrdU it is
possible to test whether or not the progeny from clonally
related precursors are also restricted to a single layer. Our
results showed that neurons born at E13.5 were found in all
collicular layers (Fig. 6A-D, red). Within columns (Fig. 6A,
base of columns marked with stars), bgal-positive cells
(green) were frequently found to co-label (yellow) with BrdU
(Fig. 6A,B; horizontal arrows). Similarly, tangentially dis-
persed cells lying outside columns (Fig. 6A,B; arrowheads)
stained for either bgal alone (green) or together with BrdU
(yellow). These results indicate that cells comprising a
clonal unit were born at different ages, and this temporal
overlap covered both columns and scattered cells. There
was no evidence to suggest restricted migration to a par-
ticular layer by cells born at E13.5. Labeling at E15.5 covers
the last neurons to be generated in the SC and they were
distributed across multiple layers (Fig. 6D), suggesting that
this late born neuronal cohort is not layer-restricted.
In contrast, the adjacent IC revealed a different pattern of
co-labeling. Whereas BrdU-positive cells (red) born at E13.5
were also found within the IC, a single column of bgal-
positive cells with very little co-labeling for BrdU was
consistently encountered near the posterior wall (Fig. 6C).
A similar picture was also observed in the IC of chimaeras
injected with BrdU at E15.5 (Fig. 6D), suggesting that the
lineage columns see in the IC arose from a narrow time
window outside E13.5 and E15.5. Alternatively, these cells
following BrdU uptake may have undergone multiple cell
divisions, further dividing the BrdU marker.
© 2001 Elsevier Science. ADISCUSSION
Progenitors that populate the mouse SC are derived from
a different pool to those giving rise to the midbrain tegmen-
tum, consistent with evidence for developmental differ-
ences in the specification of dorsal versus ventral cells
along the neuraxis (Lee and Jessell, 1999). There is also a
demarcation between left and right SC (although a small
number of cells were found across the midline), perhaps
related to the presence of a vertically oriented midline glial
septum (Wu et al., 1995). We present evidence for both
radial and tangential dispersion of SC neurons and glia. In
adult SC, cells found in columns were often glutamatergic
whereas tangentially dispersed neurons in the SGS and SO
were more often than not likely to be GABAergic with a
minor proportion of glutamatergic cells. These comparisons
suggest phenotypic bias linked to cell dispersion pathways.
Unlike the evolutionarily younger neocortex, where most
of the tangentially migrating GABAergic neurons originate
from the striatum (Anderson et al., 1997), the bulk of tectal
interneurons appear to be generated locally, perhaps even
from the same pool as glutamatergic neurons. Chimeras
often displayed tangential cell dispersion in the SC without
corresponding labeling in the striatum, ruling out the
ganglionic eminence as an extratectal source of interneu-
rons (unpublished observations).
Our interpretation of the data are that cells undergoing
tangential dispersion are usually associated with a nearby
column and this relationship raises the possibility that
precursor cells giving rise to columnar cells are also fated to
produce scattered cells. This relationship is strikingly ana-
lagous to the situation in the chick tectum, where retroviral
labeling studies also revealed tangentially displaced cells
from the “parent” radial array (Gray and Sanes, 1991). Thus,
a common developmental mechanism appears to be at work
in homologous tectal structures across two different species
although the terminal fates of tangentially displaced cells
may differ according to species adaptations. We emphasize
that our data, using highly unbalanced chimeras, captures
only a small proportion of labeled precursors at a time, and
some of the tangential dispersion in these static images
may have arisen independently of radial columns. Allowing
for these reservations, radial dispersion was still by far the
predominant pathway for the majority of tectal cells (Fig. 7,
pathway A). Tangential dispersion appeared to affect a
minor subpopulation and the labeling patterns of embry-
onic tissue suggest one of two possible modes (Fig. 7,
pathways B and C). However, no mixing of precursor cells
in the germinal zones was detected, suggesting that hori-
zontal movement within the neuroepithelium was unlikely
(Fig. 7, pathway D).
In comparison to the cerebral cortex, lamina gradients of
neurogenesis in the rodent SC are far from clear. The issues
that have been widely discussed in neocortical develop-
ment are also applicable here. What determines the layer
identity of neurons born at different times? Are neurons of
a particular layer linked by their birthday or lineage? While
ll rights reserved.
128 Tan et al.the present study is unable to throw light on the issue of
how neurons are fated for a particular layer, the marking of
a small number of precursors cells in a column (with bgal)
allows the migration and fate of a lineally related cluster to
be studied in isolation. By introducing BrdU to some of
these cells at a particular embryonic time point, additional
information concerning the allocation of neurons born at a
certain time to particular radial levels was obtained. Suc-
cinctly stated, we did not find any evidence for layer
restriction among the labeled precursors, otherwise we
should have detected incomplete columns. Thus, even
though the SC is functionally composed of two distinct
entities, and previous 3[H]-thymidine studies have reported
discontinuities in the schedule of neurogenesis between
upper and lower divisions (Altman and Bayer, 1981; Ed-
wards et al., 1986a), we found that one lineage contributes
to most if not all layers. The distribution of neurons labeled
with BrdU at E13.5 or E15.5 indicates that each layer was
composed of neuron born on different days with no defined
patterns of neurogenetic order. Similar observations of layer
admixture led Delong and Sidman (1962) to conclude that
neurons from all layers are generated simultaneously, al-
though closer re-examination by others suggest subtle neu-
rogenetic gradients when adjacent layers are carefully com-
pared (Altman and Bayer, 1981; Edwards et al., 1986a). Our
lineage analysis is also capable of detecting whether or not
the picture from 3[H]-thymidine studies is the result of
superimposition of multiple developmental programs aris-
ing from heterogeneous precursors. This appears not to be
the case because we found that precursor cells can give rise
to neurons of all layers with no clear separation of clonal
cohorts, either in space or in time. As in the cortex, clonal
columns in the SC vertically integrate cells of different
layers but unlike the cortex, cells born at a given time are
not segregated to a particular layer. Of course this conclu-
sion is partially valid as we only examined patterns of
labeling of multiple precursors and their progeny did not
show layer-specific segregation. Individually labeled cells
may have a temporal order of cell production linked to
tectal lamination (not detectable in our system) and this
may only be discerned with single-cell labeling.
Nonetheless, the results clearly indicate that the vast
majority of cells in the SC disperse radially, with a strong
tendency towards the glutamatergic phenotype. Others
have shown that radial migration of tectal neurons is guided
by fascicles of radial glia (Becker and Becker, 1991; Snow
and Robson, 1995). In the SC, radial columns were well-
defined rostrocaudally, with a periodicity of as little as
50–60um, but were broader in the mediolateral dimension,
ranging from 250 to 700 um in width. This rostrocaudal
peridocity is not dissimilar to the size of microcolumns in
cerebral cortex (Jones, 2000) and, if reflected in intratectal
connectivity, may represent fundamental units of SC orga-
nization. It is well established that the mature SC possesses
ordered, modular maps of afferent and efferent connections
in each of its layers. The superficial retino-recipient layers
contain a unitary visuotopic map that is in spatial register,
© 2001 Elsevier Science. Aand interconnected with, somatosensory, auditory, and
motor maps in the underlying layers (Huerta and Harting,
1984). In neocortex, the association between radial disper-
sion and glutamatergic neurons has been speculated to
reflect the propagation and maintenance of the developing
protomap (Tan et al., 1998). If a similar reasoning may be
applied to the SC, the widespread dominance of radial
columns in the SC may be related to a need to provide a
framework for the development of congruent relationships
between input and output circuitry in a given region.
Postnatally, appropriate visual activity is then required to
align other modality maps in the nonvisual layers (King et
al., 1998), presumably utilizing already established radially
oriented superficial to deep connections (Mooney et al.,
1988) many of which are glutamatergic (Lee et al., 1997; Isa
et al., 1998).
Tangential dispersion, although affecting only a minority
of cells, is mostly confined to the superficial SC layers.
Although many of these cells express GABA, it needs to be
emphasized that slightly less than fifty percent were gluta-
matergic. The bias of the GABA phenotype with tangential
dispersion may simply reflect the abundance of GABAergic
neurons in the superficial layers (Mize, 1992; Harvey et al.,
2001); however, we are assured by the finding that the vast
majority of radially dispersed neurons in these same layers
expressed glutamate. The lack of a clear cut correlation
between tangential dispersion and the GABAergic pheno-
type suggests that our lineage tool might not be sufficiently
refined to filter out developmental noise or perhaps neuro-
nal fating of these cells may be influenced by stochastic
mechanisms. Future studies using other lineage tools might
provide further information on this issue. In other species,
the association between phenotype and tangential cell
dispersion appears to be a recurring theme in tectal devel-
opment. In birds, early tangential migration in the optic
tectum involves multipolar neurons in the deeper layers
while later tangential migration is superficial and involves
glia (Gray and Sanes, 1991). Transplantation studies have
also revealed the potential for tangential dispersion of
horizontal neurons (Martinez et al., 1992). As in the chick,
tangential migration in the mouse appears to take one of
two possible routes: either deep from the base of the
column in the VZ or superficially from the top of the
column in the upper layers. One possible substrate for
superficial tangential dispersion may be the presence of
rostrocaudally oriented retinal fibres for which a transitory
presence has been demonstrated in the mouse (Edwards et
al., 1986a,b). To test this possibility, monocular eye re-
moval was performed to remove retinal inputs into the
developing tectum. Despite loss of fibre bundles and thin-
ning of the superficial layers, there appeared to be no
demonstrable tampering of tangential cell dispersion. Per-
haps compensatory substrates have diminished the effect of
fiber removal or tangential migration along axon fascicles is
not a major guidance mechanism in this structure.
The restriction of tangential dispersion to upper layer
cells is intriguing and invites further speculation. In other
ll rights reserved.
129Cell Dispersion Patterns in Superior Colliculuslayered structures such as neocortex and retina, each and
every cellular layer is infiltrated by tangentially dispersed
cells. One possibility is for substrates in the intermediate
and deep layers of the developing SC to be inhibitory
towards tangentially dispersing cells. Furthermore, the as-
sociation of tangential dispersion with the upper echelons
FIG. 6. Birthdating of dispersing cells. A, Following injection of B
among bgal-positive cells (green) forming columns (stars). Cells und
appear to be a mixed, some of which were born at E13.5. B, Higher
of bgal-positive cells with BrdU. C, A single column of bgal-positiv
E13.5. In contrast, a column (star) found in the SC shows double-l
showing absence of BrdU labeling in a column of cells in the IC fo
100 mm.of columns suggests the initial use of radial scaffolding
© 2001 Elsevier Science. Abefore branching off in lateral directions. Because columns
can be situated in every part of tectal space, tangential
dispersion to virtually any part of the tectum may be
achieved by initially riding on the backs of radial columns.
It also means that, in theory, the furthest distance for
superficial tangential dispersion need not exceed the loca-
t E13.5, positive cells (red) are found in all tectal layers, including
ng radial dispersion (arrows) and tangential dispersion (arrowheads)
nification of boxed area in (A) showing single and double labeling
lls is found in the IC without co-labeling for BrdU administered at
ng of cells (arrows) born at this time point. D, A further example
ng BrdU injection at E15.5. Scale bar: A, 100 mm; B, 50 mm; C, D,rdU a
ergoi
mag
e ce
abeli
llowition of the nearest column. This prompts the question
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130 Tan et al.whether there are special features in the superficial SC
where layer-specific tangential dispersion would serve a
local purpose? The superficial layers of the SC are especially
abundant in GABAergic neurons (Mize, 1992; Harvey et al.,
2001). GABAergic neurons are involved in “shaping” visual
responses in time (response habituation) and space (lateral
inhibition), thereby allowing accurate localization of visual
objects and the detection and appropriate response to novel
stimuli (Binns, 1999). In the mammalian SC there are three
types of inhibitory neurons, horizontal cells with tangen-
tially oriented dendrites, and stellate and pyriform cells
(Mize, 1992). Tangential dispersion may therefore serve to
seed different subtypes of GABA neurons across superficial
tectal space in a nonrandom manner. This developmental
mechanism would ensure uniform spatial coverage by
GABA neurons in the superficial tectum, circumventing
the need for interneuron precursors in the germinal layer to
“second guess” their precise numbers and positions.
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